We describe the effects of magnetostatic interactions and film thickness on the switching properties and reversal mechanisms of periodic arrays of elongated Ni 80 Fe 20 thin film rings. The magnetization reversal process, the switching field distributions and the transition fields between different equilibrium states are strongly affected by the inter-ring spacing. For closely packed ring arrays, sharp transitions were observed from the onion-to-vortex state due to collective magnetization reversal of the rings. In agreement with micromagnetic simulations, the range of stability of the vortex state is smaller for closely packed ring arrays compared with isolated rings of similar lateral dimensions.
Introduction
Recently the magnetic properties of ferromagnetic nanorings have attracted attention, both from a fundamental viewpoint and because of their unique properties which hold potential in applications such as magnetic random access memory [1] and magnetic biosensors [2] . At saturation, such rings are magnetized parallel to the applied field, and as the field is reduced the magnetization relaxes to follow the circumference of the ring, forming the so-called 'onion' state which is characterized by two 180
• domain walls. A transition from the onion state to the 'vortex' state occurs when one of the walls unpins and transverses the structure, annihilating the other wall to generate a state in which the magnetization runs circumferentially, with no domain walls. In contrast to a thin film disc, where the vortex state is unfavourable in small elements due to the high exchange energy of the vortex core, in 5 Author to whom any correspondence should be addressed.
rings the vortex core is eliminated resulting in a stable vortex state.
In an array of magnetic rings, the magnetic properties of the array can be strongly affected by magnetostatic coupling when rings are placed close to each other. While the magnetic properties of isolated ferromagnetic rings have received a lot of attention [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , very few experiments on magnetostatically coupled ring arrays have been reported. Fundamentally, the effect of magnetostatic interactions on the switching mechanism and the various magnetic transitions is of interest. Magnetostatic interactions between neighbouring rings can also result in collective behaviours leading to complexities in the magnetic configurations compared with those of non-interacting rings, and differences in the remanence and coercivity. From an application viewpoint, both the ring size and inter-ring spacing will limit the maximum achievable density of devices based on magnetic rings.
An understanding and control of magnetostatic interactions between neighbouring elements is therefore crucial in the design and implementation of a working product.
The effects of coupling on the magnetic switching of micron-size cobalt rings were investigated by Klaui et al [16] using magneto-optic Kerr effect (MOKE) measurements. They observed that the transitions between the different equilibrium states in rings are strongly affected by interring spacing. Wang et al [17] mapped directly the effect of magnetostatic interactions on the various transitions in mesoscopic permalloy rings using magnetic force microscopy (MFM). Recently, Miyawaki et al [18] , have also studied the magnetic characteristics of submicrometre-sized Fe rings in a one-dimensional array with various inter-ring spacings using MOKE. They observed that the transition mechanism and its dependence on the inter-ring spacing are governed by the energy gain originating from the deformation of local vortices.
This paper presents an investigation of the effects of magnetostatic interactions on the switching properties and reversal mechanism of periodic arrays of elongated Ni 80 Fe 20 rings as a function of ring thickness and inter-ring spacing. We will show that the edge-to-edge spacing between neighboring rings profoundly affects the magnetization reversal process, the switching field distributions and the transitions between different equilibrium states. We observe that as the ring thickness is increased, there is a marked increase in the switching field and also the field range over which the vortex state is stable.
Experimental methods and modelling
The periodic arrays of elongated Ni 80 Fe 20 rings were fabricated over a large area (4 × 4 mm 2 ) of a silicon substrate using deep ultra violet lithography at 248 nm wavelength. An alternating phase shift mask with low partial coherence of 0.31 was used to create arrays of uniform rings. A unique advantage of this technique is that unlike electron beam lithography, thicker resists can be used to make high aspect ratio rings. Figure 1 respectively. These SEM images show good edge definition and uniformity. The long axis length of the ring is 1 µm, while the short axis length is 735 nm. The width of the ring along the long axis is 380 nm and the width along the short axis is 320 nm. Details of the fabrication process were described earlier [19] . The collective behaviour of ring arrays was characterized by a vibrating sample magnetometer (VSM). Direct observations of the magnetic states of the rings were performed using a MFM with a low-moment tip coated with CoCr, scanned at a height of 50 nm.
Micromagnetic modelling was performed using the two-dimensional Object Oriented Micromagnetic Framework (OOMMF) code from NIST [20] . The intrinsic parameters used in the simulations are: saturation moment M S = 860 emu cm −3 , exchange constant A = 1.3 × 10 −6 erg cm −1 , magnetocrystalline anisotropy K 1 = 0 erg cm −3 . A unit cell size of 5 nm was used in the simulation. We assumed that the intrinsic uniaxial anisotropy of the bulk Ni 80 Fe 20 film is negligible when compared with the shape-induced anisotropy of the rings. The shape of the rings in the simulations was based on masks made from SEM images of the ring arrays.
Results and discussion
Figure 2(a) shows the VSM magnetization curve obtained at room temperature for an array of 40 nm thick elongated Ni 80 Fe 20 rings with two different inter-ring spacings s = 65 and 300 nm. The external field H is applied along the major axis of the rings (y-direction). Prior to the beginning of the measurement, an initial magnetic field of 1 kOe was applied to saturate the magnetization of the rings along their major axis. The magnetic field was then swept back towards a negative saturation field value. We observed a marked modification of the M-H loops for samples with different s values, in particular the transition from the onion-to-vortex state, H ov , and vortex to reverse onion state, H vo , is very sensitive to the ring edge-to-edge spacing. For s = 65 nm, the onion state is maintained at remanence, and the transition H ov to the vortex state occurs abruptly at -30 Oe. For the ring array with s = 300 nm, the H ov transition occurs gradually, at positive fields, suggestive of a wide switching field distribution. It has been shown previously that in ring arrays, the switching of each ring is reproducible on field cycling, however, there is a wide range in switching fields among nominally identical structures [3] . This has been attributed to both thermal excitations and to edge roughness, which break the symmetry of the ring and allow one wall in the onion state to unpin before the other [21] . In the closely packed array, the rings with the smallest switching field reverse first and initiate a collective switching process of each row of rings parallel to the direction of the applied field, giving abrupt reversal. For the ring array with s = 300 nm, however, collective switching does not occur and the hysteresis loop is representative of the distribution of switching fields. The second transition H vo from the vortex to reverse onion state is also strongly affected by the inter-ring spacing. The transition occurs at a lower field (-210 Oe) for ring arrays with s = 65 nm, compared with -295 Oe for the array with s = 300 nm. In the interacting array, when a ring with a relatively low transition field switches into the reverse onion state, its stray field aids the switching of the neighbouring rings. Both ring arrays show abrupt reversal at H vo .
Figure 2(b) shows the corresponding simulated M-H loop for a 2× 2 array of 40 nm thick Ni 80 Fe 20 rings. There is a good general agreement between the experimental and simulated M-H loops. It is possible to understand the transitions between onion and vortex states by considering the various energy terms present at different applied fields. The magnetic configuration is determined by the exchange, magnetostatic and Zeeman energies, since the magnetocrystalline anisotropy energy is negligible. Figures 3(a)-(c) show the exchange energy (E ex ), magnetostatic energy (E m ) and Zeeman (E z ) energy contributions as a function of the external applied field. As the applied external field is reduced from saturation towards remanence, the exchange energy increases continuously as the domain structure develops, while the magnetostatic and Zeeman energies decrease. This regime corresponds to the rings being in the onion state. At H ov the exchange and magnetostatic terms drop as the vortex states form, while the Zeeman energy is almost zero. The exchange and magnetostatic energies at high fields are lower for the array with s = 65 nm compared with s = 300 nm, indicating that the magnetostatic interactions among adjacent rings lower the total energy and stabilize the onion states. Once the rings have adopted the vortex state, there is no significant difference in the magnitudes of the energies. The H vo transition from the vortex to reverse onion state results in an increase in the magnetostatic and exchange energies and a drop in the Zeeman energy. In agreement with the experimental results shown in figure 2(a) , the vortex stability range is smaller for the closely spaced array. Figures 3(d) and (e) show the simulated magnetic states at remanence for 2 × 2 arrays with s = 65 nm and s = 300 nm, respectively. The closely packed array are in distorted onion states, containing vortex-type domain walls (present due to the relatively high ring width), while the isolated rings have all adopted the vortex state.
Direct observations of the magnetic states were carried out using MFM. The rings were first saturated in an applied magnetic field of 3 kOe along the major axis of the rings, then imaged at remanence. Figure 4(a) shows results for the array with s = 65 nm indicating that the majority of the rings are in the onion state, as characterized by the dark and bright contrast at the corners of the rings, in agreement with the figure 2(a) . However, two columns of rings have switched collectively to form vortex states. Figure 4(b) is the corresponding MFM image for the array with interring spacing of 300 nm. In agreement with the M-H loop in figure 2(a) , all the rings have already switched to the vortex state.
M-H loop in
In order to investigate the effect of shape anisotropy on the evolution of magnetic states, the field was applied along the minor axis of the rings (x-direction) and the M-H loops measured. Figure 5(a) shows the M-H loops for an array of 40 nm thick rings as a function of inter-ring spacing. Compared with the results obtained for fields applied along the major axis ( figure 2(a) ), the loops are markedly different both in shape and detailed features. Figures 5(b) and (c) show the MFM images at remanence after saturating in a field of 3 kOe. The magnetometry and MFM data show that both ring arrays display vortex states at remanence, in contrast to the major axis behaviour for the closely spaced array. We now discuss the effect of the ring thickness, which was varied from 20 to 80 nm. Figure 6 (a) shows the major axis M-H loops for s = 300 nm. As the ring thickness is increased, the major effect is a shift in H ov towards more positive fields, resulting in an increase in the vortex stability range, from 170 Oe at t = 20 nm to 410 Oe at t = 80 nm. This trend has been discussed previously [22] and results from the higher magnetostatic energy of the onion state for larger film thicknesses. The t = 20 nm sample shows mixed remanent states while the thicker films show remanent vortex states. In comparison, figure 6(b) shows the major axis M-H loops for s = 65 nm. These samples also show an increase in vortex stability range with film thickness but the trend is less pronounced; the stability range is 140 Oe at t = 20 nm and ∼310 Oe at t = 80 nm. The t = 20 and 40 nm ( figure 2(a) ) samples have remanent onion states, while the thicker samples have remanent vortex states. Notably, for t = 20 nm the s = 65 and 300 nm hysteresis loops are similar, indicating that magnetostatic interactions have relatively minor effects, while the differences become more pronounced for thicker films as the magnetic moment of each ring increases.
Conclusion
We have investigated the effects of magnetostatic interactions on the reversal mechanism of periodic arrays of elongated Ni 80 Fe 20 rings, as a function of ring thickness and inter-ring spacing. The magnetization reversal process, the switching field distributions and the transition fields between different magnetic configurations are strongly affected by the inter-ring spacing and thickness. A sharp transition from the onion state to the vortex state for closely packed ring arrays was observed and attributed to collective magnetization reversal of rows of rings parallel to the applied field. In closely spaced ring arrays, the onion-to-vortex transition is delayed and the vortexto-onion transition is promoted, leading to a smaller stability range for the vortex state, compared with isolated rings. This behavior is in agreement with micromagnetic simulations of small arrays, and could be important in magnetoelectronic devices that incorporate arrays of ring-shaped structures.
